In building up composite structures using carbon nanotube (CNT) fibers, the fiber-to-matrix interfacial shear strength (IFSS) is one of the most important issues. Originating from the assembly characteristics of CNT fiber, the IFSS strongly depends on the fiber's twisting level and densification level. Furthermore, there are rich ways to modify the fiber surface and thus enhance the IFSS, including the physical and chemical modification on fiber surface, the infiltration of matrix resin into CNT fiber, and the introduction of silane coupling agent. A new feature differing from carbon fibers is that all these treatments either change the fiber's surface structure or form a several-hundreds-nm-thick interphase inside rather than around the fiber. These "generalized" treatments obviously extend the common concept of surface sizing and can be used for various forms of CNT assembly structures.
I. INTRODUCTION
Carbon nanotubes (CNTs) have gained extensive attention since their discovery owing to their extraordinary mechanical and electrical properties. 1 As an important progress, macroscopic and continuous fibers containing millions of individual CNTs have been reported and studied in the past decade. [2] [3] [4] There are three main strategies for spinning CNT fibers, namely, the coagulation-based "wet spinning", [5] [6] [7] the "direct spinning" from a CNT aerogel [8] [9] [10] or similarly from a preformed CNT film, 11 and the "array spinning" based on vertically aligned CNT arrays (forests). [12] [13] [14] [15] Owing to the long CNT length, high CNT alignment, and availability of various post-spin strengthening treatments, the array-spun CNT fibers have demonstrated the best mechanical performances to date. [16] [17] [18] [19] [20] From the structural comparison between CNT fiber and carbon fiber, it is believed that the interfacial property between CNT fiber and matrix is much better than that in carbon fiberreinforced polymer. This is because the assembly characteristics of CNT fiber can introduce rich interfacial contacts. Unfortunately, the interfacial shear strength (IFSS) between CNT fiber and epoxy was just about 14.4-20.2 MPa. 21, 22 The low IFSS was owing to the shortcomings of characterization technique and the unsized fiber surface. For the former issue, there are two widely used micro-mechanical techniques to measure the IFSS, namely the single-fiber fragmentation and microdroplet test 23, 24 The single-fiber fragmentation often meets a problem of strain mismatch between the fiber and matrix, as the matrix should have an ultimate tensile strain much larger than that of the fiber to avoid the fracture-induced failure. [23] [24] [25] [26] Therefore the microdroplet test is more preferred for CNT fibers whose ultimate strain is large (ranging from ∼3-5% to over 10%), unless a matrix with a quite high fracture strain is used. 27 Such test can also be easily used to test the interfacial properties with different polymer matrices and to analyze the debonding phenomenon at the interface. 22 On the other hand, although the sizing treatment is important in the manufacturing process of carbon fibers, it is unfortunately seldom performed for CNT fibers as the interfacial binding energy can be maximized due to the rich surface areas from the assembly structure.
This paper is intended to uncover the assembly-dependent interfacial properties of CNT fiber by using microdroplet tests. Owing to the assembly characteristics, a variety of approaches can be used to form enhanced bonding between CNT fiber and matrix, such as physical and chemical modification on fiber surface, resin infiltration into CNT fiber, and the usage of silane coupling agent. As compared to the common sizing treatment that usually refers to the interphase formation between the fiber and the matrix in a composite, the treatments here form a several-hundreds-nm-thick interphase inside CNT fibers by impregnating the matrix resin or coupling agent, and thus extend the concept of surface sizing. These generalized sizing treatments increase the CNT-to-matrix contact area and thus the IFSS. For example, for the dry-spun and liquid-densified CNT fibers, the IFSS with epoxy was 30.9-44.4 MPa and 43.5-53.1 MPa, respectively. After being sized with silane coupling agent, the IFSS was improved up to 58.8-68.2 MPa. Furthermore, as CNTs can form various macroscale assemblies, 28 the generalized concept of surface sizing can serve as a new efficient way to build high performance structural composite materials.
II. RESULTS AND DISCUSSION

A. Microdroplet test
Different from carbon fiber, CNT fiber is an assembly of millions of individual nanotubes and thus has a totally different surface morphology. The assembly characteristics makes it a paradox to calculate the real surface area, quite like that the coastline length depends on the method used to measure it. Therefore the IFSS between CNT fiber and matrix is usually the "effective" strength by dividing the maximum force at the onset of microdroplet debonding along the fiber (F d ) by the fiber's circumference, 29
where d f and L e are the fiber's diameter and embedded fiber length by the microdroplet, respectively. Another significant difference between CNT and carbon fibers is the helical assembly of CNT fiber, usually described by the "surface" twist angle θ s . 16 This angle results in stress loss along the fiber axis according to the factor of cos θ s . Further, as discussed above, the larger ultimate strain of CNT fiber requires a microdroplet test rather than a single-fiber fragmentation to quantitatively measure the IFSS of CNT fiber with different matrices. Figure 1a shows schematically the microdroplet test setup, which is specially designed for the Equipment for Evaluation of Fiber/Resin Composite Interface Properties (model HM410, Tohei Sangyo Co., Ltd., Tokyo, Japan). Microdroplets were formed along a CNT fiber by curing the epoxy resins which were brushed on the fiber surface, and the droplet sizes varied from below 20 to over 150 µm. To find out the optimal droplet size, IFSS measurements were performed for the droplets with L e ranging from 30 and 130 µm. Figure 1b and c show the optical microscopy images before and after a microdroplet test, where a droplet with L e ≈ 80 µm slid from its original position to the left side of the neighboring droplet, and their corresponding scanning electron microscopy (SEM) images are shown in Figure 1d and e.
The optimal L e was 40-80 µm according to Figure 1f . When L e ≪ 40 µm, the size effect arose from the enhanced system error for L e and the droplet can be easily damaged by the razor blades before detaching from the fiber surface. On the other hand, for L e ≫ 80 µm, the force to debond the fiberto-matrix interface was high enough to introduce Poisson effect (transverse shrinkage), resulting in a new mechanism to debond the interface. This means that the detach force became slight smaller from the linear dependence on the interfacial contact area (Figure 1g ). Furthermore, when L e became much larger, the debonding force could be larger enough to break the CNT fiber. For example, for a CNT fiber with d f ≈ 15 µm and a tensile strength of ∼1.2-1.5 GPa, the fracture force was about 212-265 mN. This value corresponded to the upper limit of ∼100-125 µm for L e (when IFSS ≈ 45 MPa).
B. Effect of CNT assembly structure
The assembly characteristics of CNT fiber rather than the C−C sp 2 lattice structure plays the key role in determining the fiber-to-matrix interactions. According to our previous study, there are two important spinning parameters related to the tensile properties, namely the fiber's diameter d f and the twist angle θ s . 16 Furthermore, the CNT packing density can be increased by using liquid densification during the spinning process. 19 For simplicity, here d f was always controlled to be 14-16 µm. Therefore the comparison was performed on the twisting level and packing density.
The first comparison was performed on the tensile properties, which has also been systematically studied previously. 16, 30 In the present study, when θ s ≈ 10, 17, 23, and 30 • , the dry-spun CNT fibers exhibited tensile strengths σ f = 753, 868, 1032, and 980 MPa, and elastic moduli E f = 32.5, 36.3, 43.5, and 27.1 GPa, respectively. If ethylene glycol (EG) was used to assist the spinning, 19 both σ f and E f were remarkably improved. At the optimal θ s ≈ 23 • , the EGdensified CNT fibers exhibited σ f = 1580 MPa and E f = 54.5 GPa.
The different packing density also affected the fiber-tomatrix IFSS, see the results for dry-spun and EG-densified CNT fibers shown in Figure 2 . The averaged, minimum, and maximum values of IFSS, and the corresponding standard variation are also provided in Table I . The low densification level of the dry-spun fibers strongly limited the inter-tube interactions, and thus the CNTs was easy to be peeled off from the fiber. spun fiber (θ s ≈ 23 • ) where the peeled CNTs were observed after removing the epoxy droplet. The measured IFSS was 30.9-44.4 MPa (average 39.2 MPa). For the EG-densified CNTs, the improved densification increased the inter-tube interactions and thus the fiber's mechanical performance. When the droplet was removed, the peeling-off phenomenon nearly disappeared and the sliding of the droplet did not damage the fiber surface, see Figure 3b and Figure 1d ,e where both fibers were EG-densified. This indicated that the IFSS should be higher, in agreement with the measurement for θ s ≈ 23
• (43.5-53.1 MPa, average 47.7 MPa). By focusing on the EG-densified fibers, a similar dependence on θ s was also observed where the optimal 23
• angle induced the strongest and most stable fiber-to-matrix interface. As shown in Figure 2 and Table I , the IFSS for θ s ≈ 10-17 Surface sizing is a common treatment for carbon fibers to protect them from damage and to improve the interfacial properties with polymer matrix. In this treatment, the sizing agent adheres to substrate fibers and can bond with the surround-ing polymer molecules. In order to improve the IFSS of CNT fibers, similar treatment can also be applied. Here we show that, by considering the assembly characteristics, there are various and different ways to size CNT fibers, building up a "generalized" sizing concept. The methods are (1) physical and chemical modification on fiber surface, (2) resin infiltration into CNT fibers, and (3) sizing with silane coupling agent.
Surface modulation without using sizing agents
It is possible to increase the interfacial contact area by roughening the fiber surface. As discussed above, although the dry-spun fibers had a rough surface due to the low densification, the peeling-off phenomenon restricted the IFSS to be no more than 45 MPa. Thus it was necessary to roughen the surface of the EG-densified fibers. The rough and smooth fiber surfaces were produced by adjusting the position to introduce the liquid infiltration. As reported previously, 18 a CNT sheet is drawn out of a spinnable CNT array and then becomes triangular under twisting, see Figure 4a . Generally, liquid infiltration is applied at the end of or slightly after the triangular zone. As the fiber has been formed under twisting, the liquid just improves the packing density and smoothes the fiber surface (Figure 4b ). However, when the infiltration was applied before the triangular zone, the densification would make the fiber formation earlier, resulting in a competition between the densification and twisting. As a result, the fiber surface became much rougher, see Figure 4c . (Fortunately, the roughening just lowered the tensile strength by less than 100 MPa.) As the rough surface increased the contact area and thus the interfacial binding energy, the measured IFSS increased up to 46.3-57.6 MPa (Figure 2 ).
Chemical functionalization is another way to modulate the fiber surface, like an acid treatment. 31 The surface functionalization (such as hydroxyl and carbonyl groups) might introduce covalent bonding between the fiber and matrix and thus increase the IFSS. For example, the functionalization could improve the surface wettability and affinity to the resin, and thus benefit the IFSS. The densified and roughened surface could also have the similar effect as the rough EG-densified fibers did. Unfortunately, as shown in Figure 2 , a remarkable decrease in IFSS (only 30.1-36.8 MPa) was observed for the acid-treated CNT fibers. Thus we suspect that besides the strong covalent bonding, a new and weak interface was formed in the composite structure. The reason can be analyzed as below. Due to the functional groups on the fiber surface, there were also reactions between resin molecules with them during the curing process. However, as it was difficult for the CNT to change its molecule position, the reaction should be finished by the self-moving of resin molecules. As a result, the resins reacted with the CNT could not react sufficiently with other resins, corresponding to a weak interaction in the composite structure. In other words, the covalent bonding resulted in an epoxy-wrapped composite fiber, and there existed a weak interface between this composite fiber with the outer epoxy droplet. Such analysis can be confirmed by SEM images. Figure 4d shows that there were still a cer- tain epoxy maintained around the fiber (corresponding to the epoxy-wrapped composite fiber), as the outer droplet had been pulled off due to the weak interface between the new fiber and the droplet.
Besides these two ways to directly modify the fiber surface, we also tried an electro-coating method where an electric current (5-6 mA) was conducted to pass through the fiber. Due to the electro-thermal coupling effect, 20 the fiber temperature could be 200-250 • C, as high enough to cure epoxy resins. The fiber temperature was higher than the temperature (150 • C) used to thermally cure the epoxy, as the heat dissipated very quickly from the fiber to the environment. On the other hand, the fiber temperature was not higher than the glass transition temperature of epoxy (236-287 • C, peak at 270. epoxy. As the electro-thermal coupling caused in situ curing on the fiber surface, the final IFSS increased up to 47.6-59.9 MPa, after a 60-min treatment, as shown in Figure 2 and Table  I . These treatments on CNT fibers can efficiently modify the fiber-to-matrix interaction, and can be considered as a "sizing" treatment without using any sizing agent, However, these "gentle" sizing treatments could only improved the IFSS by 6-7 MPa; it was difficult to form a tightly bonded interface from the direct introduction of epoxy resins around CNT fibers.
Infiltrating sizing treatment
In a previous study, epoxy resins were found to infiltrate into the fiber surface with a depth ∼1 µm to form an interphase, and thus to increase the contact area between CNT and epoxy. In the present study, however, as the CNT fibers were highly densified with EG, the directly coated resins could hardly infiltrate into the fibers. In order to introduce a certain depth of infiltration, the epoxy resins were diluted (wetted) with acetone (resin to acetone mass ratio 25:4). The wetting also improved the rheological property of epoxy resin; its viscosity at room temperature decreased from 0.97 to 0.12 Pa s ( Figure 5 ). As acetone has high mobility and can quickly wet CNT assemblies, 19 this treatment increased the IFSS. However, the improvement of about 6 MPa was not high.
Based on the effect of acetone dilution, we developed a new sizing treatment. Before coating epoxy resins, we brushed CNT fibers with much more diluted resin/acetone solutions (resin to acetone mass ratio 1:40) whose viscosity was only 0.028 Pa s ( Figure 5 ). As more solvent could infiltrate into the fiber and thus take epoxy resins to a certain depth, an interphase was formed to enhance the interfacial interaction. This treatment was totally different from the common sizing concept where the sizing agent usually adheres to the fiber and forms a film around it. Obviously, this is one advantage from the assembly characteristics of CNT fiber. After the wet resins (mass ratio 25:4) was introduced on the fiber surface, the whole sample was ready to be cured.
The sizing with dilute solution increased significantly the IFSS, ranging from 54.0 to 64.4 MPa (average 60.6 MPa), see Figure 2 . The improvement (above the EG-densified fibers) was about 11-13 MPa, much higher than that from the direct physical and chemical modification on fiber surface. The infiltration-induced interphase can be clearly observed with SEM from the peeling-off (Figure 4e) , and its thickness (corresponding to the depth of polymer penetration) was just about 100-200 nm, much thinner than that (∼1 µm) observed in dryspun fibers. 22 If the sized fiber was cured before introducing the droplet, a weak fiber-to-matrix interface was measured on the contrary (IFSS ≈ 30.3-45.1 MPa). This is not surprising as there was a new interface formed between epoxy due to the two curing treatments, a situation quite similar to that in the acid-treated fibers.
Sizing with coupling agents
A coupling agent is a compound that can provide a chemical bond between two dissimilar materials. For example, silane coupling agent (R(CH 2 ) n SiX 3 , R and X being organofunctional and hydrolyzable groups, respectively) is most commonly used in fiber surface treatment. Due to the assembly structure, the sizing treatment on CNT fibers using coupling agents exhibited some new features. Typically, for (3-aminopropyl)triethoxysilane (APTES, H 2 N(CH 2 ) 3 Si(OCH 2 CH 3 ) 3 ), the 3-aminopropyl group can chemically bonded with epoxy resin while the rich ethoxy groups can increase the non-covalent interaction with CNT. The silanization process can also increase the bonding energy between CNT and APTES once there is a certain functionalization on CNT. 32 Furthermore, the smaller molecular weight (221.37 g mol −1 ) and lower viscosity (<0.01 Pa s) of APTES also allow very efficient infiltration into CNT fibers. These advantages resulted in the highest IFSS of 58.8-68.2 MPa (average 63.3 MPa, improvement over 15 MPa), see Figure  2 . Due to the same densification level, the thickness of the APTES/CNT interphase was also about 100-200 nm. Clearly, the infiltration-based sizing treatment inspires new strategies for improving the interfacial interactions for various CNT assembly structures.
On the contrary, when non-penetrating polymers were used, the sizing treatment could just form a thin layer around the fiber surface. For example, graphene oxide (GO) nanosheets can wrap a CNT fiber and act as a surface modifier. 33 However, the IFSS between epoxy and GO-wrapped CNT fiber was quite low, ranging from 15.7 to 47.0 MPa (average 29.9 MPa), see Figure 2 . As there was no polymer penetration into CNT fibers and the functional groups of GO could covalently bonded with epoxy, the interface between CNT fiber and GO nanosheets became the weakest part during the droplet test.
On the contrary, when non-penetrating polymers were used, the sizing treatment could just form a thin layer around the fiber surface. For example, graphene oxide (GO) nanosheets can wrap a CNT fiber and act as a surface modifier. 33 However, the IFSS between epoxy and GO-wrapped CNT fiber was quite low, ranging from 15.7 to 47.0 MPa (average 29.9 MPa), see Figure 2 . As there was no polymer penetration into CNT fibers and the functional groups of GO could covalently bonded with epoxy, the interface between CNT fiber and GO nanosheets became the weakest part during the droplet test. Furthermore, as the size of GO was a few tens of µm, larger than the fiber's diameter, the wrapping level of GO might be different from fiber to fiber. 33 This is why a large standard variation in IFSS was observed in the droplet tests (about 10.19 MPa, see Table I ).
III. CONCLUSION
Surface sizing is an important way to improve the interfacial interactions. Different from carbon fibers which are solid in structure, the assembly characteristics of CNT fibers induces several new sizing treatments, including the physical and chemical modification on fiber surface, the infiltration of matrix resin into CNT fiber, and the introduction of silane coupling agent. These methods generalized or extended the common concept of surface sizing as they modified the fiber structure from its surface to a certain depth (about 100-200 nm) rather than forming an additional interphase around the fiber. By using the generalized treatments, the IFSS between CNT fiber and epoxy could be improved from 43.5-53.1 MPa to 58.8-68.2 MPa.
IV. EXPERIMENTAL SECTION
The CNT fibers were spun by collecting the CNT sheet drawn out from vertically aligned CNT arrays under continuous twisting. 16 The CNTs were mainly double-to triplewalled and ∼6 nm in diameter. 19 During the fiber spinning, liquid infiltration like EG was used to densify the CNTs. By tuning the twisting speed, CNT fibers with different twisting angles such as 10 • , 17 • , 23 • , and 30 • were produced. The acid treatment was performed by immersing CNT fibers in concentrated HNO 3 (16 M) for 2 h. After the treatment, the CNT fibers were washed by water and dried under ambient conditions.
Epoxy resin (E44, fracture strain 10.5%, Hangzhou Wuhuigang Adhesive Co., Ltd., Hangzhou, China), methyl hexahydrophthalic anhydride (MHHPA, Puyang Huicheng Electronic Material Co., Ltd., Puyang, China), and imidazole curing agent (Jiangxi Jinkai Chemical Co., Ltd., Jinxi, China) were mixed together to prepare the epoxy droplets, with a mass ratio of 1:1:0.01. In some experiments the mixture was diluted with acetone, by adjusting the resin (including MHHPA and imidazole) to acetone mass ratio to be 25:4 or 1:40. The curing profile was 90 • C for 1 h and 150 • C for 3 h.
The rheological measurements on the resin mixture were carried out in an oscillatory mode on a Bohlin Gemini 200 rheometer (Malvern Instruments, Worcestershire, United Kingdom). The tensile properties of CNT fiber was conducted with the T150 Universal Testing Machine (Keysight Technologies, Inc., Santa Rosa, USA). The samples were mounted on paper tabs with a gauge length of 7±1 mm, and the extension speed was set to 0.001 mm s −1 . The microdroplet tests were performed with the Equipment for Evaluation of Fiber/Resin Composite Interface Properties (model HM410, Tohei Sangyo Co., Ltd., Tokyo, Japan). Figure 1 shows schematically the method of sample preparation. A load cell of 1 N was used to characterize the debonding force. The drawing speed was 0.002 mm s −1 .
